Introduction
When welded structures are subjected to high temperature creep conditions, damage is accumulated preferentially at weldments and this leads to the Type IV cracking, which is the final failure mode occurring at the Intercritical HAZ (ICZ) for ferritic steel welds.
In the previous works, 1, 2) the authors examined the susceptibility to Type IV cracking of a service-exposed 1.25Cr-0.5Mo steel weldment which is composed of a pipe fabricated from relatively clean plates and a forged flange containing higher amount of tramp elements such as Sn and Sb. In the above study, the conclusion that the higher susceptibility to Type IV cracking at the dirtier flange ICZ was enhanced by the higher concentration of tramp elements which were liable to accelerate the grain boundary damage was derived. In addition, the occurrence of preferential grain boundary damage around fine grains, which were generated by the partial transformation during welding, was observed. The authors interpreted that the difference in creep strength between harder fine grains due to rapid cooling at welding and tempered larger grains could contribute to the grain boundary sliding and subsequent creep cavitation. The fine grains at the pipe ICZ, that was significantly less susceptible to Type IV cracking, was found to be discrete compared to those at the flange ICZ which were continuously distributed.
In order to clear the characteristics of microstructures representing the ICZ, simulated ICZ specimens were produced from both parent materials. Large difference in the influence of heat treatment upon time to rupture and manner of failure between the two materials was observed. It can be also presumed from the feature of fine grains that the difference in creep properties at the ICZ will be attributable to the difference in carbide morphology. Actually, not a few papers have been published on the carbide evolution during creep of low alloy ferritic steels, however, most works were devoted to uniform microstructures such as a parent material 3, 4) and Coarse Grained HAZ, 5, 6) so that little information is available on the carbide morphology at the ICZ of Cr-Mo steels. The purpose of the present paper is to investigate the interrelation between the susceptibility to Type IV cracking and carbide morphology examined by carbon extraction replicas. Engineering Center, Idemitsu Engineering Co., Ltd., Shinden-cho, Chuo-ku, Chiba 260-0027 Japan. 1) Faculty of Engineering, Yokohama National University, Tokiwadai, Hodogaya-ku, Yokohama 240-8501 Japan.
(Received on October 7, 2002 ; accepted in final form on December 12, 2002 ) Type IV cracking is considered to be the likely failure mode of ferritic steel welds when operated for long duration. The carbide morphology of the service-exposed 1.25Cr-0.5Mo steel weldment, which is composed of a forged flange and pipe fabricated from plates, has been examined before and after a creep test. Higher susceptibility to Type IV cracking was observed at the Intercritical HAZ (ICZ) on the flange side despite higher creep resistance of the parent material compared with a pipe. The change in carbide morphology during the creep exposure was the most pronounced at the flange ICZ. The coarse bainitic carbide originally existing depleted the intragranular carbides and significant variation in carbide density inside the ICZ was generated. In contrast, carbides at the pipe ICZ were more uniformly distributed. It was interpreted that higher susceptibility of the flange ICZ was accelerated by the heterogeneous distribution of carbide density and the resultant variation of creep strength and would enhance grain boundary sliding associated with creep strain accumulation.
It was proved that the susceptibility to Type IV cracking was highly dependent upon the characteristics of a parent material by experiments using simulated ICZ specimens. Significant difference in the effect of heat treatment to simulate the microstructure at the ICZ upon the creep strength was observed between a flange and pipe. The simulated ICZ specimen generated by a pipe parent showed no apparent change due to the heat treatment compared with a parent material. On the contrary, it reduced the time to rupture and changed the fracture mode from transgranular to intergranular for a flange material. The feature of grain boundary cracking was similar to that of actual weldment which took place preferentially at the inclined grain boundaries to the tensile direction, that was to be considered the evidence of grain boundary sliding.
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Experimental Procedure

Materials
The circumferential butt weldment with an external diameter of 660 mm and nominal thickness of 22 mm was removed from the service. The weldment had been operated in a refining plant for twenty-three years approximately at 500°C. The weldment is composed of a forged flange and a pipe fabricated from plates. The relevant material code for a flange and a pipe is ASTM A182 F11 and ASTM A387 Gr. C, respectively. The weldment exhibited the reheat cracking at the Coarse Grained HAZ (CGZ) and isolated cavities at the ICZ. Hardness of parent material is Hv145 on the flange side and Hv139 on the pipe side. Chemical compositions of both parent materials are shown in Table  1 .
1) A weld preparation was 60°V and Tungsten Inert Gas (TIG) welding was applied to a root run and the remaining was filled with Manual Metal Arc (MMA) welding. Post Welding Heat Treatment (PWHT) was performed at 700°C for 2 h.
Heat
Treatment for the Simulated ICZ Microstructure As for the heat treatment to simulate the microstructure of ICZ, the procedure employed by Eggeler et al. 7) was referred to. Namely, as-received parent materials were heated to 850°C with 6 min and held at this temperature for 5 min, and cooled in air. This heat cycle was applied twice prior to the simulated PWHT at 700°C for 2 h.
The hardness of simulated ICZ microstructures became higher than that of the as-received condition. Hv161 (10 kg) and Hv145 (10 kg) was gained for the flange and pipe parent, respectively. That of the actual weldment is Hv152 (10 kg) for the flange ICZ and Hv140 (10 kg) for the pipe ICZ.
The term of "as-received" shall be applied to the materials that are just removed from service and not exposed to a further high temperature testing condition hereinafter.
Creep Tests
Creep tests were conducted with a constant load machine in air. The detailed results were reported in the previous paper.
1) A creep specimen for parent materials is a standardized cylindrical type with a 6 mm diameter and 30 mm gauge length. And that for the simulated ICZ has the same diameter but shorter gauge length (20 mm) than a standardized one due to the size limitation of the heating device in a high frequency current furnace. The cross-weld behavior was examined by a spirally notched cross-weld specimen shown in Fig. 1 .
1) The objective to apply a spirally notches to the gauge portion is to generate Type IV failure within a relatively short period of time. The shortest time to rupture at the ICZ has been 601 h.
Observation of Carbides
Carbon extraction replicas taken from as-received materials and a crept cross-weld specimen were observed using Transmission Electron Microscopy (TEM). Identification of carbides was made by Electron Diffraction Patterns and Energy Dispersive X-ray analysis (EDX).
Observation of carbides in crept microstructures was made using an interrupted cross-weld specimen tested at 650°C and 40 MPa. At this testing condition, the ultimate failure due to Type IV cracking was generated when tested by a spirally notched specimen described in Sec. 2.3. The test was interrupted at tϭ1 022 h and the presumed life consumption was approximately 0.7. Carbon extraction replicas were taken from the gauge portion.
Results
Rupture Life of the Simulated ICZ Specimen
Creep curves of the simulated ICZ and those of parent materials for a flange and a pipe at 630°C and 60 MPa are shown in Fig. 2 . The simulated flange ICZ becomes significantly weaker than the parent material though hardness of the simulated ICZ is Hv15 (10 kg) higher than that of a parent material. In contrast, the creep curve of the pipe ICZ is almost identical with that of the pipe parent. Time to rupture of parent materials obtained in the previous work 8) and simulated ICZ specimens are plotted using the MansonHaferd Parameter in Fig. 3 . For the comparison, the mean strength and lower boundary defined as the mean strength Ϫ3s derived by NIMS (previously called NRIM) data base for normalized and tempered 1.25Cr-0.5Mo plates 9) are also plotted. Though the flange parent is significantly stronger than the pipe parent, Type IV failures have preferentially taken place at the flange ICZ.
1) And the clear decrease in creep life of the simulated ICZ specimens can be found in the flange material.
Creep Ductility of the Simulated ICZ Specimens
In Fig. 4 , creep ductility of each microstructure is compared using the average rate of elongation 10) (%/h), which is (2) where l 1 , l 2 is gauge length and A 1 , A 2 is cross-sectional area of each type of a specimen. A suffix of 1 and 2 is for a shorter and standardized specimen, respectively. No significant difference in ductility of the simulated ICZ specimen is found compared with that of a parent material. However, the ultimate failures caused by intergranular cracking were observed in the simulated flange ICZ specimens, while the simulated pipe ICZ failed with a ductile transgranular manner. In the case of parent materials, the failures have taken place predominantly with a transgranular manner though some grain boundary damage was observed in the flange parent when tested longer than thousands hours. The feature of the grain boundary damage adjacent to the ultimate fracture pass of the simulated flange ICZ specimen is shown in Fig. 5 . Grain boundary cracking, which is 45 degree inclined to the tensile direction, is observed. It is generally considered that grain boundary cracking is generated by coalescence of cavities located at the grain boundaries normal to the maximum principal stress. However, the damage at perpendicular grain bound- aries to stress is less pronounced, especially at relatively large grains. The authors have found the similar features in the creep tests for cross-weld specimens. Grain boundary damage at the final crack pass of a spirally notched crossweld specimen is shown in Fig. 6 . The occurrence of cracking at the inclined grain boundaries to the tensile direction is observed. The inclined cracking angle to the stress direction shown in Figs. 5 and 6 suggests that these cracks are induced by grain boundary sliding. Grain boundary damage such as creep cavities or cracks tends to be associated with fine grains rather than large grains elongating towards the stress direction. In this region, densely coagulated fine grains are found. It is considered that these fine grains are produced by welding heat cycles and they have got higher creep strength due to higher content of carbides associated with transformation and subsequent rapid cooling from the a/g transformation temperature. 11) In fact, hardness of small grains measured at the flange ICZ using a microVickers hardness tester is approximately Hv40 (10 g) higher than large grains. Materials. The carbide morphology in a pipe parent is shown in Fig.  7 . Most of carbides inside grains, which were evenly dispersed, were identified as M 2 C and M 7 C 3 . The shapes of M 7 C 3 are not uniform, that is to say, some of them are rodshaped and others are granular. Although regions associated with coarse lamellar M 3 C existed in a pipe parent, the area fraction containing the primary carbides was smaller than that of a flange parent. The uniform intragranular carbide feature like that shown in Fig. 7 occupies a large fraction of area in the pipe parent. The existence of M 7 C 3 suggests that the region shown in Fig. 7 used to be bainite or pearlite before the service since M 7 C 3 can be regarded as a transformation product of cementite. 12) In contrast to a pipe parent, carbides in a flange parent are less uniform. The carbide morphology observed at the interface between ferrite and bainite is shown in Fig. 8 in which bainite is located on the right side. Most of carbides existing in a bainitic area are plate-like or fine globular M 3 C. Needle-like and feather-like carbides in ferrite region are M 2 C. Fewer primary carbide, M 3 C, and resultant more M 7 C 3 carbides observed in a pipe parent suggest that the pipe parent are more thermally degraded and it is consistent with lower creep strength as shown in Fig. 3. 
As-received Carbide Morphology of ICZs.
Intragranular carbides at the pipe ICZ are evenly distributed as shown in Fig. 9 . No significant difference in carbide morphology between the ICZ and a parent material can be observed except generation of relatively coarse carbides like M 7 C 3 at the grain boundary that is a slightly inclined band located in the middle. In the case of the as-received pipe parent, most of carbides at the grain boundaries were fine needle-like M 2 C.
In Fig. 10 , carbides of the flange ICZ observed at the interface between ferrite and the region associated with globular and polyhedral carbides are shown. The interface runs from the upper right corner to the lower left corner. The latter region should be bainite before welding. Significant difference in carbide morphology from that in a parent material cannot be found in a ferritic region. The change in carbides is pronounced in bainite. Most of bainitic carbides at the ICZ are spherodized and no plate-like M 3 C is observed. M 3 C remained in this region is globular. Polyhedral coarse carbides were identified as M 7 C 3 , M 23 C 6 and M 6 C by analyses of electron diffraction patterns and EDX. It was difficult to predict the carbide species from their shapes.
Carbide Morphology of the Crept Parent Materials
Change in carbide density in the crept pipe parent is mainly observed around grain boundaries as shown in Fig.  11 . The formation of Precipitate Free Zone (PFZ) caused by coarsening of grain boundary carbides is observed. Though newly generated coarse rod-shaped carbides inside grains are observed, the change in intragranular carbide density is not significant.
Carbides at the interface between a ferrite and bainite region of a crept flange parent are shown in Fig. 12 . In a ferrite region located on the left, needle-like M 2 C carbides remain the same feature as that of the as-received condition. In a bainitic region shown on the right, carbides with various sizes and shapes are observed. Bainitic carbides facing a ferrite grain tends to be coarser than those existing inside the region. 
Carbide Morphology of the Crept ICZs.
The carbide feature of the crept ICZ on the pipe side is shown in Fig. 13 . No remarkable decrease in the intragranular carbide density is found compared with the as-received ICZ and the crept parent.
On the other hand, great variations of intragranular carbide density are found inside the crept flange ICZ as described below. In Fig. 14, carbide morphology of the crept flange ICZ observed by a relatively low magnification is shown. The significant reduction in intragranular carbides is observed in comparison with the crept flange parent or as-received flange ICZ. The variation of intragranular carbide density exists inside the crept flange ICZ. Carbides at the ferrite/bainite interface of the crept flange ICZ are shown in Fig. 15 . In this region, M 2 C carbides still remain though the slight decrease in carbide density and lowering of the aspect ratio (length/width) of M 2 C are observed inside a ferritic grain. However, it is observed that needle-like carbides adjacent to coarse bainitic carbides are being dissolving in other ferrite/bainite interface as shown in Fig.  16 .
In addition, the significant inhomogenity in the carbide distribution that is composed of a densely coagulated carbide colony and the adjacently existing zone containing no precipitate is also observed at the crept ICZ as shown in Fig. 17. 
Discussion
As described in Sec. 3.1, the ICZ on the flange side is more susceptible to Type IV cracking than that on the pipe side. The apparent difference observed by carbon extraction replicas between a pipe and a flange is the homogeneity of carbides. The carbides at the pipe ICZ are more evenly distributed and less changeable in size and density compared with those at the flange ICZ.
In the present work, massive change in carbide morphology has taken place mainly at the bainite region, originally containing coarse carbides. The change in carbides in ferrite grains, M 2 C depletion in this case, is accelerated by growth of bainitic carbides. The relatively uniform nature of carbides in pipe parent and its ICZ should be attributed to lower population of coarse carbides at the fabrication. It is presumed that the feature of carbides in a ferrite region, which occupies the most of the area fraction and would determine overall creep strain at the ICZ, varies dependently upon neighboring carbides. The dissolution of carbides within a ferrite region appeared to be accelerated especially when the coarse carbides are closely located. As discussed in Sec. 3.2, elongation of the simulated flange ICZ specimens is comparable to that of a parent material despite the occurrence of intergranular cracking. This experimental result suggests that high creep strain of the simulated flange ICZ is attributable to preferential deformation of weak grains which are losing intragranular carbides.
As grain boundaries are not clearly delineated in carbon extraction replicas, the carbide morphology associated with fine grains cannot be identified. However, it is possible to interpret that the densely coagulated carbides shown in Fig.  17 are products of a/g transformation as described below. Due to higher carbon solubility of austenite, newly generated fine grains during welding must contain higher volume of carbides than surrounding untransformed grains. And it should be noted that the interparticle spacing of carbides inside the colony is still rather small even after the creep exposure, suggesting that the area accompanied with these carbides is more creep resistant than the carbide depleted area surrounding fine grains. The resultant variation of the creep strength inside the ICZ due to difference in precipitate density could enhance localized grain boundary sliding associated with creep strain accumulation.
Type IV damage observed at the pipe ICZ, which finally failed at the flange ICZ, is shown in Fig. 18 . 2) Similarly to the flange ICZ, preferential grain boundary damage takes place around fine grains. However, the colony of fine grains on the pipe side are discrete and they are surrounded by larger grains. The discontinuous feature of fine grained colonies might be one of the reasons for lower susceptibility to Type IV cracking on the pipe side.
The microstructures for a parent material of 1.25Cr-0.5Mo steel should be composed of ferrite, which is free from a precipitate, and bainite or pearlite associated with primary carbides before the use. 3, 13) Presumed change of carbides due to welding heat cycles is spherodization and dissolution followed by the a/g transformation. Therefore, it can be considered that the feature of cementite would dominate the microstructure of the ICZ in terms of the morphology of fine grained colonies. A forged flange must have been subjected to higher cooling rate in the fabrication process (before welding) in order to satisfy the required mechanical properties inside large wall thickness. Although the precise procedure at the time of fabrication is not known, it can be considered from the practice normally applied that water quenching was applied prior to tempering at around 700°C. As a result, a flange parent should have contained widely spread cementite existing both at the grain boundaries and inside grains. As a/g transformation takes place preferentially at the interface of cementite, 14) it is expected that the microstructure of a flange parent containing higher amount of grain boundary cementite would offer broadly distributed transformation sites and generate the continuously lying fine grains at the ICZ during welding. On the other hand, the bainite content in the original microstructure of a pipe parent, which were made of normalized and tempered plates with 0.1 % of carbon, should have been limited to 10 % and around since. Therefore, it is considered that the transformation sites would be restricted mainly to grain boundaries of bainite occupying approximately 10 % of area fraction and result in less susceptible ICZ to Type IV cracking.
It is interesting to note that the high susceptibility to creep damage at the HAZ generated from a forged material has been recognized in a piping system fabricated from 0.5Cr-0.5Mo-0.25V steel in UK power plants. The weld reduction factor of 30-40 % has been applied to the forging welds. 15) 
Summary
The findings in the present work to clear the effect of the carbide morphology upon the creep properties at the ICZ are summarized as described below.
(1) The experiments using simulated ICZ specimens revealed that the susceptibility to Type IV cracking was highly dependent upon the characteristics of a parent mater- Fig. 18 . Cavitation at the pipe ICZ of a spirally notched specimen (tested at 650°C and 40 MPa, t r ϭ1 311 h). 2) ial by experiments using simulated ICZ specimens. Large difference in the effect of heat treatment to simulate the microstructure at the Intercritical HAZ (ICZ) upon the creep strength was observed between a forged flange and pipe fabricated from normalized and tempered plates. The heat treatment reduced the time to rupture and changed the fracture mode from transgranular to intergranular for a flange material. In contrast, the simulated ICZ specimen generated by a pipe parent showed no apparent significant change by the heat treatment.
(2) The symptom of grain boundary sliding observed in the crept actual weldment was also found in the simulated flange ICZ specimens.
(3) The change in carbide morphology during creep exposure was the most pronounced at the Intercritical HAZ (ICZ) of the forged flange among the microstructures constituting the weldment.
So far, Type IV cracking has been taken place at the ICZ only on the flange side. Due to coarse bainitic carbides at the flange ICZ, depletion of intragranular carbides was induced heterogeneously and the localized weak region was generated. Higher amount of coarse bainitic carbides found at the flange ICZ, which was associated with the quenching in the forging process, accelerated the above process. In contrast, the pipe ICZ, which was less susceptible to Type IV cracking, showed uniform carbide morphology. The inherent homogenity of carbides on the pipe side should be owing to more equilibrium microstructure associated with slower cooling from normalizing temperature compared with a forged flange.
(4) It was concluded that the existence of fine grains generated by a/g transformation and presumably associated with densely coagulated carbides resulted in the large difference in creep resistance strongly depending upon the carbide density and caused the localized damage due to grain boundary sliding.
(5) Distribution of fine grains is dependent upon the morphology of the primary carbide. Lower density of grain boundary cementite would generate discontinuous feature of fine grains since a/g transformation takes place preferentially at cementite and result in higher resistance to Type IV cracking. The reason for higher susceptibility to Type IV cracking of the forged flange could be attributed to dispersed primary carbides in the parent material due to quenching from the normalizing temperature.
